Abstract. Up-regulation of kidney α 2 -adrenoceptor expression has been implicated in the development of hypertension in spontaneously hypertensive rats (SHR). This study was carried out to evaluate renal sodium excretion in response to clonidine administration in SHR and control normotensive Wistar-Kyoto (WKY) rats. SHR and WKY rats (12-week-old) were placed in metabolic cages for 4 days: the first 2 days in control conditions and the following 2 days under oral clonidine treatment (100 μg/kg body weight). Clonidine produced a similar reduction in systolic blood pressure values in SHR and WKY rats, although SHR remained hypertensive. At the end of the study SHR and WKY rats presented similar noradrenaline plasma levels. However, noradrenaline kidney tissue levels were significantly higher in SHR compared to WKY rats. Under control conditions, SHR presented lower urine flow compared to WKY rats. Clonidine produced a significant decrease in urine flow in WKY rats but not in SHR. Furthermore, clonidine also produced a significant reduction in urinary sodium, potassium, and creatinine excretion in WKY rats, but had no effect in SHR. In conclusion, in SHR the reduction in systolic blood pressure and sympathetic activity produced by clonidine was not accompanied by a decrease in urine volume and sodium excretion.
Introduction
The kidney plays a major role in the regulation of blood pressure via modulation of sodium and water excretion (1) . Evidence from clinical and experimental studies supports the idea that altered renal sodium handling plays an important role in the development and maintenance of hypertension (2) both in humans and in an animal model of this disorder, the spontaneously hypertensive rat (SHR) (3) . One proposal for the initiation and maintenance of hypertension centers on a reduced capacity of the kidney to excrete salt and water in proper relation to intake (4) . Renal sympathetic nerves and circulating catecholamines are involved in the regulation of sodium and water excretion in the kidney (3, 5) . The catecholamine noradrenaline is the major endogenous neurotransmitter in renal sympathetic nerves and mediates sympathetic regulation of blood pressure. Noradrenaline interacts with both the α-and β-adrenoceptors in the renal proximal tubules (6 -8) . Studies have shown that renal nerves, acting through α-adrenoceptors, enhance proximal tubular sodium reabsorption in the kidney. These studies suggest that noradrenaline acting via α-adrenoceptors may contribute to the development of hypertension (5, 9) .
Considerable evidence indicates that the antihypertensive effect of clonidine is exerted in central α 2 -adrenoceptors (10), thereby inhibiting peripheral sympathetic tone and also markedly affecting renal function (11) . The effects on urinary output have been ascribed to activation of α 2 -adrenoceptors (12) both on the renal vasculature and along the nephron (13) . Studies using radioligand binding and autoradiographic techniques have shown that renal α 2 -adrenoceptors seem to be located postsynaptically (14) . Activation of renal α 2 -adrenoceptors mediates an inhibition of renin release (15) and a facilitation (16) or inhibition (17) of water and sodium excretion suggesting that renal tubular α 2 -adrenoceptors may be involved in modulating the overall excretion of water and sodium. Autoradiographic findings have also demonstrated that the distribution of α 2 -adrenoceptors is increased in SHR at pre-hypertensive (3-week-old), early development (7-week-old), and established stages (22-week-old) compared with age matched normotensive control Wistar Kyoto (WKY) rats (18) . Although renal α 1 -adrenoceptors are important in the initiation and development of SHR hypertension by increasing sodium absorption in the distal tubules, as hypertension progresses and sodium returns to levels similar to normotensive animals, a molecular switch between α 1 -adrenoceptor and α 2 -adrenoceptor signaling occurs in the distal tubules of SHR (19) . Hence, it has been suggested that in SHR with established hypertension and age-matched WKY rats, renal α 2 -adrenoceptors play a more prominent role in the balance of sodium transport.
In view of the above, the general aim of this study was to evaluate the potential role of the adrenergic system in the regulation of solute and fluid secretion, since abnormalities in noradrenergic activity and in sodium handling have been implicated in the pathogenesis of hypertension. Therefore, the study was designed to determine whether any differences exist between WKY rats and SHR in the natriuretic and diuretic effect of the α 2 -adrenoceptor agonist clonidine. The clonidine dose selected for this study [(100 μg/kg body weight (b.w.)] is at the lower end of the spectrum of doses (30 μg/kg to 50 mg/kg b.w.) that have previously been used to investigate α 2 -adrenoceptor-mediated functions in rodents (20 -22) .
Materials and Methods

Animals
Eight-week-old male SHR (n = 8 animals) and WKY rats (n = 8 animals) were obtained from Charles River (Barcelona, Spain). The health reports of the animals were in accordance with the recommendations by Federation of European Laboratory Animal Science Associations. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the experiments were performed according to the Portuguese law on animal welfare. The animals were kept under controlled environmental conditions (12:12-h light/dark cycle and room temperature 22°C ± 2°C). All animals were fed ad libitum throughout the study with standard rat chow (PANLAB, Barcelona, Spain), containing 1.9 g·kg −1 of sodium. Animals were selected after a 5-day period of stabilization and adaptation to blood pressure measurements. Systolic blood pressure and heart rate were measured in conscious restrained animals between 7:00 and 10:00 a.m., using a photoelectric tail-cuff pulse detector (LE 5000; Letica, Barcelona, Spain). Five determinations were made each time and the mean was used for further calculation.
Metabolic study
Having reached the age of 12 weeks, rats were placed in metabolic cages (TECNIPLAST, Buguggiate-VA, Italy) for 4 days. The 1st day (day 1) was to allow adaptation; the 2nd day (day 2) to establish control conditions, and the following 2 days (day 3 and day 4) under oral clonidine treatment (100 μg/kg b.w.) Urine volume, faecal weight, solid intake, and liquid intake were measured after every 24 h. Urine samples were collected to measure the ionogram in the 2nd day of control (day 2) and the 2nd day of treatment (day 4). At the end of the study, rats were anesthetized with sodium pentobarbital (60 mg/kg b.w., i.p.) and blood was collected from the vena cava and placed in tubes containing heparin for plasma catecholamine and ionogram determination. The right kidney was placed in a vial containing 1 mL of 0.2 mol/L perchloric acid (PCA) for the catecholamine assay.
Assay of catecholamines
The assay of catecholamines dopamine and noradrenaline in plasma and kidney was performed by high performance liquid chromatography with electrochemical detection (HPLC-ED) as previously described (23) . In brief, 500-μL aliquots of the PCA in which the tissues had been kept or 1000-μL aliquots of the plasma supernatant were placed in 5-mL conical base glass vials containing 50 mg of alumina, and the pH of the samples was adjusted to 8.6 by addition of Tris buffer. 3,4-Dihydroxybenzylamine hydrobromide was used as the internal standard. The adsorbed catecholamines were then eluted from the alumina with 200 μL of 0.2 mol/L PCA in Costar Spin-X microfilter tubes; 50 μL of the eluate was injected into an HPLC-ED system (Gilson Model 141; Gilson Medical Electronics, Villiers Le Bel, France). The lower limit of detection of catecholamines and L-DOPA ranged from 350 to 1000 fmol.
Urine sodium, potassium, and creatinine
Urinary sodium and potassium were measured by flame photometry and urine and plasma osmolality, by means of an osmometer (24) . Urinary and plasma creatinine and plasma urea were measured by a wavelength photometer (24) .
Statistical analyses
Results are expressed as the mean ± standard error of the mean (S.E.M.). The significance of differences between means was evaluated using Student's t-test or one-way analysis of variance (ANOVA). Values were considered statistically different when P < 0.05 by using Newman-Keuls multiple comparisons test to compare values. A P-value less than 0.05 was assumed to denote a significant difference.
Results
Cardiovascular parameters
To evaluate changes in cardiovascular function, systolic blood pressure and heart rate were measured in WKY rats and SHR, 4 weeks before treatment with clonidine. At 8 weeks, systolic blood pressure values were already significantly higher in SHR compared to agematched WKY rats and steadily increased until the animals reached 12 weeks of age. Therefore, in the control stage of the study, SHR had significantly higher systolic blood pressure values compared to WKY rats (Fig. 1A ). Clonidine produced a significant reduction in systolic blood pressure values both in SHR and WKY rats, although values remained significantly elevated in SHR compared to WKY rats (Fig. 1A) . Heart rate was higher in SHR in the control phase and after treatment with clonidine, and remained unchanged in both strains after clonidine treatment (Fig. 1B) .
Weight, solid intake, and fecal weight
Animal weight was similar between strains and remained unchanged after treatment with clonidine (Table  1) . SHR and WKY rats had similar solid intake in the control stage and clonidine produced a significant reduction in solid intake in both strains (Table 1) . Control values of fecal weight were similar between SHR and WKY rats (Table 1 ). After treatment with clonidine, both SHR and WKY rats had a significant reduction in fecal weight (Table 1) .
Liquid intake and urine volume
Before treatment with clonidine, SHR and WKY rats had similar liquid intake values ( Fig. 2A) . Treatment with clonidine progressively and significantly reduced liquid intake in SHR. On the other hand, treatment of WKY rats with clonidine did not change liquid intake values ( Fig. 2A) . In regard to urine volume, in control # conditions, SHR had a lower urine volume when compared to WKY rats (Fig. 2B ). Although treatment with clonidine failed to produce an effect on urine volume values in SHR, treatment with clonidine for 48 h significantly reduced urine volume in WKY rats to values similar to those of SHR (Fig. 2B) .
Urinary ionogram
In the control stage, sodium urinary values were similar between WKY rats and SHR (Fig. 3A) , but potassium urinary values were significantly reduced in SHR (Fig.  3B) . In WKY rats, clonidine produced a significant reduction in sodium and potassium urinary levels (Fig. 3:  A and B) . In contrast, clonidine did not change urinary sodium or potassium in SHR (Fig. 3: A and B) , both being significantly increased when compared to WKY rats treated with clonidine. Treatment with clonidine also produced a significant reduction in creatinine values in the urine of WKY rats, but did not produce an effect in creatinine values in urine of SHR (Fig. 3C ).
Plasma and kidney dopamine and noradrenaline
Data on dopamine and noradrenaline kidney tissue content and plasma levels were obtained at the end of the study after animals had been treated with clonidine. After treatment with clonidine, SHR and WKY rats had similar noradrenaline and dopamine plasma levels (Fig. 4: A and  B) . However kidney tissue content of noradrenaline and dopamine in SHR were significantly higher compared to WKY rats (Fig. 4: C and D) . Nevertheless, the dopamine/ noradrenaline ratio in the kidney was significantly higher in SHR compared to WKY rats after clonidine treatment (WKY: 0.033 ± 0.001; SHR: 0.050 ± 0.007*, *P < 0.05). 
Discussion
In the present study, we have shown that in basal conditions water and potassium but not sodium excretion rates were lower in hypertensive SHR compared to WKY rats. Administration of clonidine for two consecutive days produced a significant decrease in blood pressure values in both strains, but whereas water and sodium excretion decreased in the WKY rats, these parameters remained unchanged in SHR.
The effect of clonidine on the renal system in SHR had been the subject of a previous study (25) . However, the influence of hypertension was not investigated, as the study did not include normotensive controls. Furthermore, this and another study from the same group that used Sprague-Dawley rats as the normotensive model (12) only addressed the acute effects of clonidine. Recent studies suggest that different rat strains are associated to differences in renal handling of electrolytes (26, 27) . In this view, in the present study we evaluated the sub-acute effect of clonidine and have used the WKY rat as the control strain not only to better understand the effect of clonidine on renal sodium handling in SHR, but also to provide a background to evaluate the possible influence of hypertension on this mechanism. Given the differences in sympathetic activity and α 2 -adrenoceptor function between WKY rats and SHR, data obtained from this study would allow further insight into the physiological mechanisms of blood pressure regulation through the kidney relating to the sympathetic nervous system.
Clonidine was given orally and this means that both central and peripheral α 2 -adrenoceptors will be targeted (Fig. 5) . Thus, the kidney will be subjected to two influences: a) withdrawal of sympathetic tone, causing an increase in renal blood flow and decreased proximal tubule reabsorption due to direct action of the renal sympathetic nerves at the kidney (28); b) the α 2 -adrenoceptors along the distal nephron will be activated. So, how can one account for the decrease in fluid reabsorption in this situation? Large falls in blood pressure which in itself would have had a major impact on the renal fluid reabsorption, that is, a pressure natriuresis effect (29) . Thus as pressure decreased in response to clonidine, even without a change in sympathetic tone, fluid excretion should have decreased. It was clear that this happened in WKY rats, but not in the SHR. One possible explanation for this is the blunted pressure natriuresis shown to be present in the SHR (30) .
Treatment with clonidine for two days produced a significant decrease in solid intake in WKY rats and SHR, a side effect that is often observed with sedative drugs. This effect of clonidine has been well studied and is explained by its action on α 2 -adrenoceptors in the brain (31) . Activation of α 2 -adrenoceptor in the intestine not only reduces intestinal motility, but also increases absorption of sodium chloride and fluid simultaneously due to a reduction in ion secretion, overall contributing to the anti-diarrhea effect of clonidine (32) . Again, this effect was also clearly observed since rats treated with clonidine had lower fecal weight and what is more, this effect was similar between the normotensive and the hypertensive animals. Hydrosaline retention is another side effect that has been described for clonidine (32) . The findings of the present study show that in WKY rats, clonidine increased sodium and water reabsorption in the kidney, as evidenced by the decrease in urine volume and sodium urinary excretion. However, in SHR no changes in these parameters were observed, and in fact, SHR already had a lower urinary volume under control conditions. Furthermore, it should be noted that in SHR, despite the reduction in liquid intake produced by clonidine, probably due to the sedative effect of clonidine, there was no effect in urine flow, an indication that the physiological response to a decrease in liquid intake (a decrease in urine volume) is impaired in the hypertensive animals.
Normal sympathetic nervous system regulation and function occurs via α 2 -adrenoceptors (33), and almost all presynaptic inhibitory autoreceptor function in the central sympathetic nervous system is exerted by the α 2A subtype (31) . Increased noradrenaline synthesis and release and decreased α 2A -adrenoceptor inhibitory function, reflected by elevated noradrenaline plasma levels, are prominent features of SHR hypertension (34 -36) . We have recently shown that administration of clonidine to SHR in the pre-hypertensive phase not only reduced sympathetic activation, as evidenced by the reduction in noradrenaline and adrenaline plasma levels, but also completely prevented the rise in blood pressure in the early stages of the development of SHR hypertension (37) . We have also previously shown that 12-week-old SHR have significantly higher noradrenaline plasma levels compared to age-matched WKY rats (23) . In this study we show that, two days after clonidine administration, noradrenaline plasma levels were similar between normotensive WKY rats and SHR, but kidney noradrenaline tissue levels were significantly higher in SHR compared to WKY rats.
Clonidine may act at 2 anatomic sites to lower blood pressure. In several brain stem nuclei, activation of α 2 -adrenoceptors leads to a reduction in sympathetic tone. In addition, clonidine may activate presynaptic inhibitory α 2 -adrenoceptors on postganglionic sympathetic fibers to lower sympathetic noradrenaline release. One possible explanation for the increased noradrenaline levels in the The effect of clonidine on the kidney noradrenergic system is blunted due to a down-regulation of the inhibitory effect of presynaptic α2A-adrenoceptors and due to increased noradrenaline synthesis; increased noradrenaline drive activates post-synaptic α2B-adrenoceptors, leading to altered renal sodium handling. Dopamine receptors are also unresponsive to increased dopamine. DA, dopamine; NA, noradrenaline; TH, tyrosine hydroxylase; D1, D2, dopamine receptors 1 and 2. Dashed arrows represent a desensitized pathway. Open arrows represent an inhibitory mechanism. Bold arrows represent increased activity.
kidney is a down-regulation of pre-synaptic α 2A -adrenoceptors. Therefore, although clonidine normalizes sympathetic activity as evidenced by the similar noradrenaline levels when compared to WKY rats, this effect is not present in the kidney due to a reduced function of pre-synaptic α 2A -adrenoceptors. In support of this notion, a reduced expression and defective modulation of solute excretion in SHR rats due to alteration in the α 2A -adrenoceptor-subtype gene and function has been reported and shown to play a causal role in the pathogenesis of SHR hypertension (38) . Another possibility could be due to increased noradrenaline synthesis by increased tyrosine hydroxylase activity, the rate-limiting step in catecholamine synthesis. In fact, increased tyrosine hydroxylase activity and increased noradrenaline levels have been demonstrated in the kidney of SHR (39) . The inability to turn off noradrenaline activity may lead to excess sodium retention and prolonged peripheral vasoconstriction, ultimately leading to manifest hypertension (Fig. 5) .
Abnormalities in the renal dopaminergic system relating to sodium handling have been implicated in the pathogenesis of hypertension. At the cellular level, dopamine inhibits sodium reabsorption (attenuation of Na -ATPase activity, thereby decreasing sodium excretion. In a situation when sodium excretion needs to be enhanced, the dopamine/noradrenaline ratio should be increased, as the two hormones have opposite actions on sodium reabsorption (excretion/ retention) and vascular resistance (dilation/constriction). Our study shows that after clonidine treatment, not only dopamine tissue levels were elevated in SHR compared to WKY rats but also the dopamine/noradrenaline ratio was significantly elevated in SHR compared to WKY rats. There are reports on a defective D 1 -receptor adenylate cyclase coupling in proximal tubules of SHR and a decreased renal response to D 1 -receptor stimulation in SHR (40) . The higher dopamine levels in SHR may either be due to increased synthesis to compensate for the defect in the D 1 -receptor or be a means to compensate for the increased blood pressure in SHR. Another possibility could be an adaptive change to the increase sympathetic tone as manifested by the increase in noradrenaline synthesis and release. The inability of the kidney to respond to the increased dopaminergic system activity further underscores the idea that an increased activity of the noradrenergic system may be responsible for the imbalance in sodium, ultimately leading to manifest hypertension (Fig. 5) .
Functional studies have shown that renal vascular responsiveness mediated by the α 2 -adrenoceptor is greater in SHR than in WKY rats (41, 42) and that noradrenaline stimulates the tubular reabsorption of sodium more pronouncedly in SHR (43) . This enhanced responsiveness in SHR kidney may be partially explained by α 2B -adrenoceptor-mediated acceleration of Na + /H + exchange. The latter may be explained by an increased activity of the Na + /H + exchanger (NHE) in the kidney of the hypertensive rat strains, namely the SHR (44, 45) that is unresponsive to inhibitory action (46) . This increased expression of NHE in the kidney of SHR compared to WKY rats (47) has been related to the development of hypertension in these animals (48) . What is more, α-adrenoceptor agonists stimulate Na + /H + exchange activity (49) , and higher renal α 2B -adrenoceptor expression coupled with the increased noradrenergic tone during the development of hypertension in SHR (19) may explain the higher activity of NHE (Fig. 5) .
In conclusion, the data presented show that clonidine treatment 1) normalized noradrenaline plasma levels in SHR, a measure of sympathetic drive, but not kidney noradrenaline or dopamine levels which remained elevated; 2) decreased sodium excretion only in WKY rats; and 3) albeit reducing blood pressure in both strains, this effect was less pronounced in SHR that remained hypertensive. Our data further underscore the idea that altered renal sodium balance in SHR may represent a consequence of increased noradrenaline synthesis and release due to increased tyrosine hydroxylase activity and decreased α 2A -adrenoceptor inhibitory function, respectively, that result in enhanced activation of kidney α 2B -adrenoceptors (Fig. 5) .
